We developed a procedure for isolating membrane vesicles from the homolactic fermentative bacterium Streptococcus cremoris. The membrane vesicles were shown to have a right-side-out orientation by freeze-etch electron microscopy and to be free of cytoplasmic constituents. The membrane vesicles retained their functional properties and accumulated the amino acids L-leucine, L-histidine, and L-alanine in response to a valinomycin-induced potassium diffusion gradient. Studies with these membrane vesicles strongly supported the possibility that there was a proton motive force-generating mechanism by end product efflux (Michels et al., FEMS Lett. 5:357-364, 1979). Lactate efflux from membrane vesicles which were loaded with L-lactate and diluted in a lactate-free medium led to the generation of an electrical potential across the membrane. The results indicate that lactate efflux is an electrogenic process by which L-lactate is translocated with more than one proton.
In previous publications, evidence was presented that lactate efflux from deenergized cells of Streptococcus cremoris and from membrane vesicles of Escherichia coli results in the generation of an electrochemical proton gradient (A4H+) across the cytoplasmic membrane (18, 20) . This electrochemical proton gradient can drive energy-requiring, membrane-bound processes such as solute transport, as has been shown for several amino acids (18, 20) . Furthermore, growth studies with S. cremoris revealed that a decrease of the lactate gradient across the membrane resulted in a decrease of the maximal specific growth rate and cell yield. Further information about the mechanism of lactate efflux is difficult to obtain with whole cells because ATP hydrolysis can generate and energy-requiring processes such as ATP synthesis can consume the electrochemical proton gradient and consequently will interfere with lactate efflux or the lactate efflux-induced electrochemical proton gradient (17) . For further studies, membrane vesicles are the model system of choice. Membrane vesicles of S. cremoris were obtained by a considerably modified version of the procedure of Kaback (9) . Some structural and functional properties of these vesicles are described. In this membrane vesicle system, the generation of an electrochemical potential by lactate efflux could be demonstrated. These studies conclusively rule out an obligatory role of ATP hydrolysis for the generation of an electrochemical proton gradient in S. cremoris.
MATERIALS AND METHODS
Organisms and growth conditions. S. cremoris Wg2 was obtained from the Dutch Institute of Dairy Research (Ede, The Netherlands) and grown anaerobically on MRS broth (5) at a controlled pH of 6.3 in a 1-liter fermentor as described previously (14, 18) .
Isolation of membrane vesides of S. cremoris. Cells from a 1-liter culture were harvested in the late exponential growth phase (cell density, 0.4 to 0.5 g of cells dry [weight] per liter), washed with 150 ml of 100 mM potassium phosphate buffer (pH 7.0), and finally suspended in 10 ml of this buffer. The concentrated cell suspension was diluted with 20 ml of 100 mM potassium phosphate buffer (pH 7.0) containing 10 mM MgSO4 and 150 mg of egg lysozyme (E. Merck AG, Darmstadt, Germany). The suspension was incubated for 30 min at 30°C. Subsequently, saturated K2SO4 was added to a final concentration of 0.15 M, which resulted in lysis of the cells. Immediately thereafter, the lysed cell suspension was diluted with 70 ml of 100 mM potassium phosphate buffer (pH 7.0) containing 50 ,ug of RNase (Miles Laboratories, Ltd., Slough, United Kingdom) per ml (final concentration) and 50 ,ug of DNase (Miles Laboratories, Ltd.), per ml (final concentration). This solution was incubated for 20 min at 30°C, K-EDTA (pH 7.0) was added to a final concentration of 15 mM, and incubation was continued for 10 min. After the addition of MgSO4 (final concentration, 20 mM), the mixture was centrifuged (30 min, 48,200 x g, 4°C: first high spin). The pellet containing membranes, cells, and cell debris was resuspended in 25 ml of 50 mM potassium phosphate buffer (pH 7.0) containing 10 mM MgSO4. Whole second high spin). The bright-yellow pellet was resuspended in 50 mM potassium phosphate buffer (pH 7.0) containing 10 mM MgSO4 to a concentration of 35 mg of membrane protein per ml. Aliquots of 0.1 ml were rapidly frozen and stored in liquid nitrogen until use.
Preparation of membrane vesidles of S. cremors loaded with lactate. Membrane vesicles were prepared as described above, except that after the first high spin, the pellet was resuspended in 50 mM potassium phosphate buffer (pH 7.0) containing 50 mM potassium lactate (pH 7.0) and 10 mM MgSO4. Subsequent steps were carried out in this buffer. After the second high spin, the pellet, containing purified membrane vesicles, was resuspended in the lactate-containing buffer and incubated for t h at room temperature. Finally, the lactate-loaded vesicles were concentrated (30 mg of membrane protein per ml) and frozen in liquid nitrogen.
Uptake of tetraphenylphosphonium (Ph4P+) by lactate eflux. Lactate-loaded vesicles were quickly thawed and incubated for 2 h at room temperature.
Samples of 2 gI were diluted in 200 ,ul of 50 mM potassium phosphate (pH 7.0) containing 10 mM MgSO4 and 0.8 FM [3H]Ph4P+ (2.5 Ci/mmol). Uptake was stopped by rapid dilution with 2 ml of 0.1 M LiCl. Uptake experiments were further performed as described previously (16, 19) . (2.5 Ci/mmol). Uptake measurements were performed as described above.
Enzyme assays. Spectrophotometric assays of aglycerol-P dehydrogenase, fumarate reductase, NADH dehydrogenase, succinate dehydrogenase, malate dehydrogenase, lactate dehydrogenase, and aldolase were performed at 25°C with a double-beam spectrophotometer (Hitachi Perkin-Elmer, model 124, Tokyo Ltd., Japan). Aldolase activity was assayed by the method of Bergmeyer (2) . Anaerobic a-glycerol-P dehydrogenase was assayed by phenazine methosulfatemediated reduction of 3(4.5-dimethyl thiazolyl-2) 2,5-diphenyl tetrazolium bromide (MTT) at 570 nm as described by Kistler and Lin (10) . The extinction coefficient of reduced MTT was taken to be 17/mmol per cm at 570 nm. Fumarate reductase activity was determined as described previously (3) . NADH dehydrogenase, succinate dehydrogenase, malate dehydrogenase, and lactate dehydrogenase were determined by using dichlorophenolindophenol as the electron acceptor. The reactions were performed in Thurnberg cuvettes under a nitrogen atmosphere. Reaction mixtures (final volume, 1.0 ml) contained 50 mM potassium phosphate ( (Fig. 1A) . The maximum diameter of the membrane vesicles was 0.3 p,m. To obtain information about the orientation of the membrane vesicles, we compared electron micrographs of replicas offreezeetched membrane vesicles and whole cells. The convex face (inner fracture face) of the cytoplasmic membrane of whole cells was densely covered with particles (Fig. 1B) , whereas the con- cave face (outer fracture face) of whole cells had a low particle density (Fig. 1C) . A similar distribution of the particles was observed in the inner fracture face and the outer fracture face of membrane vesicles (Fig. 1D and E, respectively). Of more than 100 replicas studied, not one was observed with a different particle distribution. These observations strongly indicate that the orientation of the membrane vesicles is the same as that in whole cells.
Properties of membrane vesicles of S. However, an electrical potential could be generated across the membrane of these vesicles by potassium efflux in the presence of valinomycin (Fig. 2B) the uptake of L-leucine and L-histidine ( Fig. 2A) . In the absence of a potassium efflux-induced electrical potential, no uptake of these amino acids was observed.
The role of the as the driving force for the uptake of these amino acids was further documented by a study of the effects of the uncoupler on the uptake of these amino acids. The uncoupler SF6847 completely inhibited uptake ofthese amino acids. It is of interest that the uptake of histidine followed the uptake of Ph4P+ (cf. Fig.  2A and B) , whereas the uptake pattern of Lleucine was distinctly different. At this moment, no explanation for these observations can be given. Uptake of other amino acids driven by a potassium efflux-induced membrane potential was also studied. A low level of L-alanine accumulation was observed (12-fold), but no uptake could be demonstrated for L-glutamate, L-serine, and L-threonine. These studies show that the vesicles have retained their biological function with regard to transport of some amino acids.
Lactate efflux-induced electrochemical proton gradient. Dilution of membrane vesicles loaded with 50 mM potassium lactate into a lactate-free medium resulted in the uptake of the lipophilic cation Ph4P+ (Fig. 3) . The maximal A, observed was -55 mV. No uptake of Ph4P+was observed when lactate-loaded membrane vesicles were diluted into a medium containing 50 mM potassium lactate (Fig. 3) . The lactate efflux-induced accumulation of Ph4P+ was abolished in the presence of the uncoupler SF6847.
Dilution of potassium lactate-loaded vesicles into a lactate-free medium created also a small potassium gradient across the membrane (ca. 125 mM potassium inside and 75 mM potassium outside). This gradient, however, did not contribute to the generation of the lactate effluxinduced membrane potential, since uptake of Ph4P+ was not affected by the, presence of 25 mM K2SO4 in the dilution buffer. Moreover, no accumulation of Ph4P+ was observed upon dilution of lactate-loaded membrane vesicles into a medium containing 50 mM choline-lactate.
DISCUSSION
Several procedures for the preparation of membrane vesicles of Streptococcus spp. have been described previously (7, 11) . However, all of these procedures yield membrane vesicles which are heterogeneous with respect to the orientation of the membranes. The procedure described here yielded membrane vesicles of S. cremoris which were homogeneous in orientation.
Membrane vesicles isolated from S. cremoris have a number of properties in common with vesicles from E. coli (9) Lactate efflux from these membrane vesicles resulted in the generation of an electrical potential across the membrane. Since ATP is absent in these vesicles, ATP hydrolysis cannot contribute to the generation of an electrical potential. These observations therefore strongly support the energy recycling model of Michels et al. (17) .
The generation of an electrical potential can only be accomplished if lactate is exported with more than one proton. The driving force for lactate (L-) export is: Z log(L-in/L-out) + (n -1) A4i -n ZApH in which Af is the electrical potential, ApH is the pH gradient across the cytoplasmic membrane, n is the number of protons transported in symport with L-(lactate), and Z is 2.3 RTIF (R, gas constant; T, absolute temperature; F, Faraday constant).
